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I. ABSTRACT

Uc have+~solated three variant oell lines whioh survive
cadmium (Cd ) concentrations 10-200 fold greater than tha~+
which kills parental Chinese hamster cells (line CHO). Cd
treatment of the vmianta induceB the ayntheaia of a highly
abundant poly A+ FINA class which directs the ayntheaia of
❑etallothionein in a oell free translation system.
Hybridization of cDNA ocm~lementary to these inducible, highly
abundant RNAsequenoeu (cDNA ! with RNAfrom variant cells
showed that: (i) the induoe~ a~yndant olasa hna a total
complexity of *2000 NT; ~ii) Cd induction inoreaaea the
oellular concentration of these soquenoes m2000 fold above
preinduotion ?,evels in eaoh of’ the variants; (iii) ❑ost, if
not all,of these ae$~enoea are expressed conatitutively in
uninduced cells. Cd induction of aenait+ive CHOoells
inoreases tho cellular concentration of only a subset of the
aequoncea inducible in resistant colla and then only tc n
level 100 fold higher thfin in unlnduaed oells; the remaindur
of the sequences could not bc induced to m muasureable extent.
In addition, only @50X of the aequenoes are oonstitutively
expreaaad at measurable levnla in uninduced CHOcells,
HybPldizntion of CDNAB with genmio DNA from the three
resistant varlnntar!howedthatgwen ooding for thn Induction
apcclf’ic RNAsoquencr+s ~re ampllfied @10 fold in Cdr20~U
cells, @4 fold In Cd 3C?9 CPI.lS, and unnmplifiod in Cd .?CIO
oells relativ~+co CljO. Hhll$ neneitive CIIOcello cm tolerate
only 0,211M Cd cd ljOF~, ‘X 2011’U,$~d Cd 2C1O OC1lS me
rcmistnnt to 40~M,26uM, und 211MCd rcspcotlvoly. Thus ,
gone? Rmpliffontion nlono cnnnot be reaponniblc fcr th~
observml rcsistnncn of the vnriant sell lines.

————.—.—.. ——.
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II. INTRODUCTION

I I

Cadmiumis a to$~cmetal that persistsin the environment,
and the levelof Cd to which individualsin industrialized
nationshave beenexposedhas alreadyresultedin h VIVO
body burdensless than an orderof magnitudelowerthan that
known to produceoverttoxicity(l). Althoughthe
mechanism(s)by whicha cellor organismamelioratesthe
cytotoxlceffectof’cadmiumis not known,it is thoughtthat
the synthesiscf metallothioneins(MT),small❑etal bin~+ng
proteins,❑ay play an importantrole by sequesteringCd in a
non-toxicfcrm (2-3).

In crder to definethe role(s)playedby cellular
processesin cadmiumdetoxification,the ❑olecularevents
a~sociatedwith cadmiumexposurehave beenexaminedIn Cd++
resistantand Cd++ sensitiveChinesehamstercells. Three
cadmiumresistantvarian~ have been selectedby stepwise
culturein increaalngCd ccncentrationa.Comparedto the
parentalcell (line CHO),each of the resistantvariants(i)
has a highercadmiumtoxicthreshold,(ii)can synthesizemore
inducibleMT and (iii)can accumulatemore inducible
TranslatableMT mRNA (4-5). While theseresultsare
consistentwith a :,’olefor MI in the acquisitionof a cadmium .
resistantphenotype,theyrevealvery l$i.tleof the underlying
molecularmechanismsresponsiblefor Cd resistance. We have
initiatedstudiesdesignedto probeoellularrespon3esto Cd++
treatmentand rgporthere that Cd++ treatmentof the resis~ant
variantsinducesthe gyntheslsof a hiflhlyabundantpoly A
RNA class,a ❑ajor portionof whichis ❑etallothionein❑RNA.
Not only is tt.lsRNA classdifferentiallyregulatedin
resistantvariantcellsbut the structuralgenes encoding
theseinducibleRNAs are differentiallyampljfiedin the
resista~tvariants. However,thereis not a direct
correlationbetweenthe degreeof gene ampl;~icationand
re3ist9nce. Althoughthe acquisitionof Cd resist~ncemay
De a considerablymore oompllcatedphenomenonthan originally
expected,thosure~istantvariantsprovide❑odels usefulfor
the studyof both r~gulationo$+induciblegene flmctionand
the faatorsresponsiblet’orCd detoxification.

11,1.METHODS

2

The couditlonsof cell culture,derivationof resistant
vnrinnta,ml propcrttcscf t~P thrueFc:li9tantvar~ant
Chinosohamst.crcell linesCd 30k’9,Cd 201J4,and Cdt2C10have
beendes~ribodelnewhure(3,5). In none of Lho varinnts
derivedfrom the parnntal(:1{0CO1l wan cadmiumreslstnncodue
to r+fniluroof cell:]to t.)”nnnportcndmlumfrom the
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extracel$ylar❑edium. In each of’the experimentsreported
here, Cd inductionconditionswere thosepreviouslyshownto
resultin maximumproductionof translatable❑etallothionein
mRNA: Cdr30F9c~lls - 4~M CdCl for 4h; Cdr20F4cells - 20wM
CdCl for 4h; Cd 2C1O cells- 2B6 CdC12for 8 h; CHO cells-
2VM tdCl for 11 h (5).

We h~ve previouslydescried the conditionsfor7polyA+
RNA extraction,synthesisof 9H labeledcDNA (m7xlCl cpmipg),
cDNA-polyA+ RNA hybri~izatlon,and the S1 nucleaseassay fol,
cDNA-RNAhybridformation(6). All valuesof Rot and Cot were
correctedto the standardsalt concentration(7).

A tracer(cIJNA) complementaryto Cd inducible,highly
abundantpoly A+ RfiAw~s preparedby reactingcDNA copiedfrom
inducedCdr20F4poly A RNA to an ERotof 210 with a 10GOfold
mass excessof poly A+ RNA fromuninducedCHO cells. The
unreactedfractionwas isolatedfrom hydroxylapatite~HAP)and
then reactedwith a 10,000foldmass excessof poly A RNA from
inducedCdr20F4cellsto ERot of 0.07. The doublestrand
fractionwas isolatedfrom HAP, hydrolyzedwith 0.3N NaOH
(Idh,370), dialyzed, and precipitatedwith ethanoland tRNA
carrier.

GenomicDNA was isolatedfrom nucleiof the same oells
fromwhich the cytoplasmicpolyA+ RNA was obtained. Nuclei
were preparedas previouslydescribed(6), and DNA was
isolatedby the ❑ethodof Kedes~~. (8) windingtfieDNA out
of ethanolat the finalstep. The DNA was sheared by
homogenizationto a 300 nucleotide(NT)doublestrandlength.
For hybridization,aliquo~flwere preparedwhich oontained
600Pg genomicDN~q 7B8 C-labeledgenorcicDNA (cellsgrowl]
in 0.0 75BCi/Ml

9
C-thymirlinefor 3 cell doubling), and 13

pg of H-cDNA . Sampleswere meltedand annealedat 68° j.n10
MM Trio (PH 7?5) - 1.5MNaCl - 0.2%,-odi.lmdodecylsulfate-
2mM EDTA,and hybridfurmaticnwas as.ayedbv HAP
chromatography.

IV. RESULTS

He recentlyshowedthat the poly A+ RNA from Cd++ induced
Cdr20F4cells containsa highlyabundantRNA class
undetectablein uninducedCHO cells (9). Me have exploited
tl,isdifferencein abundanc~to isolatefrclmtotalinduoed
Cdr20FJlcDNA a tracer(cDNA ) ccmplem~ntaryto induction
specificRNA sequances(seea“Methods”for additionaldetail),
A comparisonof th hybridizationto InducedCdr’20F4RNA of

FoDNA and totalCd 20F4 cDNA is shown in Fig. 1A. The cDNA
hybr?dizeci,with an ERot ,2 of 0.G4,to the moot ~bundantR~A
classwhichccmprises~5i of the total inducedCd 20F4 poly A+
HNq. Comparisonof the data in Fig. 1Awith that
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Figure 1. Hybridizationof cDNA to pcJlyA+ RNA. (A)
Hybridizationto Cd++ inducedCdr20F4RNA of totalCdr20F4
cDNA (closedcircles)and cDNA (openroircles).(B)
Hybridizationof cDNA to RNA ?rom Cd 30F9 (circles),Cdr20F4
(triangles),and Cdr2~10(squares)which had been eitherCd++
induced(opensymbols)or not induced(closedsymbols)prior
to RNA extraction. (C) Hybridizationof cDNAa to RNA from
Cd++ induced(opencjrclcs)or uninducnd(closedcircles)CHO
cells.

❑easurede~rlier(6) for the hybridizationof the kinatic
standardchiokenglohinoDNA with its template(ERotl, of

6“0.0018,1820N’I’complexity)indicatesthnt the totnlc ~plexity
of’the inducedclassia ‘v2@uONT.It will be noted that,nt an
ERot of 1, more than80$ of cDNA is hybridizedto indu(’ed
Cdr20F4RNA while less than4$ i: hybridizedt,ouninduc~dCIIO
RNA (Fig,lC) and thnt the concentration of RNA sequences
ccmplemcnt~ryto oDNAn is at le~st 10,000folu higherin
inducedCd 20F4 than uninduoc~CHO NNA. Furthermore,the
shapeof the cDNA -inrlucndCd 20F!IRNA hybridizationcurve nnd
Its spnn of ERot?ndicntuthat tho RNA sequonccscomplcmnntnry
to cDNA are presentat nmrly equ~l cot)cvnt,twtlons.We hnvc
alonedfln’ideterminedtho nuclootldesequvnc!cof DNA molcculcs
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,complementaryto CDNA=. As will be reportedelsewhere,the
nucleotidesequenceo?”one of the clonedDNAs is consistent
with that predictedfrom the publishedaminoacid sequenceof
❑ammalian❑etallothioneinfrom otherspecies (2). The extent
to which the synthesisof RNA sequencescomplementaryto oDNA
couldbe inducedby cadmiumwas ❑easuredin ~ach of the threes
cadmium resistant variants. Each cell typewas exposedto
cadmiumunderconditionsknownto inducethe maximalsynthesis
of translatable❑etallothioneinmRNA. As Illustratedin Fig.
lB, thereis littledifferenceamong the threeresistant
variantsin eitherthe constitutivelevelor the maximallevel
to whichthe RNA sequencescomplementaryto cDNAacould be
inducedby cadmiumtreatment. Comparisonof the ERot1,2of
the cDNA reactionswith RNA from inducedand uninducedcells
indicate$that cadmiumtreatmentin~-aesan @2000 fold
increasein the concentrationof theseseque~ces. The curve
definingthe reactionof CGNA with RNA from uninducedcells
(Fig.lB) appearsto show som~ biphasiccharacte~. If the
bipkasiccharacteris real,the ERot of the totalreaction
wouldslightlyoverestimatethe relaI(?econstitutive
concentr~tionof the majorityof the RNA sequences.

The reactionof cDNAawith RNA fromcadmiuminti~cedand
unlnducedsensitiveCHO cells is shownin Fig. lC. In
contrastto the cadmiumresistantvariantcells (Fig. 1J3),the
curvtdefiningthe reactionof cDNAa with inducedCHO RNA is
clearlybiphasic. Only@50$ of the sequencescomplementaryto
cDNA&cotildbe indccedto an ●pprmciableextentand then only
to a maximumof 1O(Jfold IIigherthan the constitutive
concentration.The remaiuderof the sequ(nce~hybridizedwit>
kineticssimilarto th~l of the leastabundantRNA (seeFig.
1A;. It shouldbe toted thnt the concentration of’ the subset
of sequences induced in CHOis still <1% that in the induced
vnriant cells. Comparedto the resistantvariants,tie
oonatitutiveconcentrationof thesesequencesin CHO is at
leRst 10 fold lowerat the point where hybridizationshere
terminateddue to thermalinstabilityof the RNA.

One way by which the resistantvariantcellscouldattain
an incrensedoapncityfor the synthesisof inductionspecific
RNA sequcnccsla by ampllfic~tionof theirrespective
structural#ones. Ho testedfor this possibilityby nnne~ling
cDNA, to gonomicDNA isolatedfrom nuclelof each of’the cell
typos. To be absolutelycertainthat the resultucould not be
comproml!wlby dlffcrcntrntt?sof nnnnnlingof driverDNA,

~fi~hhybridizationmlxturccontninod, ns nn Internnlstandard,
L-labotc(i~ctlOITiC DNA; thus,tho rntcsof rmnt-!:illngof both

drlvorgencmicDNA nnd cDNA wt!runssaycdslmult.nnnously.As
sh(;wr]i,n11’J,g,2A, tihor,ltr!nnofhybridizntior~of genomlc IJNA
l-remrnchof Lho call typnuwero oxporimentnlly
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Figure2. Amplificationof genesenoodlnginductionspecific
~~A aequenc.es.(A) Closedsymbolsrepresentannealingroi
C-labeledg~nomicDNAto drive DNA isolatedfromCd 30F9F

(circles),Cd 20F4 (squares),Cd 2C1O (triangles),and CHO
cells (diamonds).OPep symbolsrepresentannealingof cDNA
to genomicDNA fromCd 2C1O (circles)and CHO cells

a

(triangles).(B) cl)NAwas annealedto genomicDNA from
Cdr20F4,(circles)and ~dr30F9cells (triangles).For
comparison,the dashedline shows the annealingof cDNA to
DNA fromCdr2C10and CHO cellsand is reproducedfror,]p~nelA.

indiatl~gulshable.cDNA ~as hybrldize~to genomic DNA from
CHO, Cd 2C1O (Fig.2A),~d 20F4,and Cd 30F9cells $Fig.2B).
The kineticsof reaotionof cDNA to CHO DNA and Cd 2C1O DNA
were experimentallyIntl.stinguis%bleand we~e similarto that
of the single copy component of genowicDNA (Fig.2A).
However, cDNA reactedwith Cdr20F4l)N~and Cdr30F9DNA lC
fold and 4 fo!?dfaster, respectively,relntlveto CHO DNA
(Fig.2B). Thesedata show that,relativeto CHO, the
atruct,urnlgenescodingfor In(!uctionaoec.ificRNA sequences
aru amplified10 fold and 4 fold,respectively,in the genomes
Of Cdr20F4nnd Cdr30F9and arc unnmplificdin the UenomeOf
Cdr2C10. Since oDNA nnnealedto Ct10DNA with kinetics
similarto that of s!’nglocopy DNA, the respectivestructural
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genesmust be presentat tiomore thana few copiesper genome
In cadmiumsensitiveCHO cells fromwhich the cadmium
resistantvariantswere derived. Gene amplificationis likely
not the resultof formationof high heteroploidcellsduring
variantselectionsince the LotalDNA contentof resistant
variantcellsis the same as that of parentalCHO cells based
on flowmicrofluorometricDNA analysis(datanot shown).

v. DISCUSSION

Chronicexposureof sensitivecells to increasing
concentrationof particulartoxicagentscan resultin the
acquisitionof specificresistantphenotype. Alt~~. (10)
and Wahl~~. (11)have shownthatmammaliancells resistant
to methotrexateand N-(phosphonacetyl)-2-aspartatscouldbe
derivedby continuousoulturein progressivelyincreasing
concentrationsof the drugs. In each case,resistancewas
accompaniedby (i) an increasedproductionof the enzymewhich
amelioratedthe cytotoxiceffectsof the drug, (ii)an
increasedproductionof the ❑RNA codingfor the enzyme,and
(ill)amplificationof the structuralgene encodingthe enzyme
to an extentsufficientto completelyaccountfor the
increasedproductionof the respectivemRNA. In some
respects,the scenariodevelopedfor the acquisitionof a
cadmiumresistantphenotvpedisplayedby the Chinesehamster
variantsstudiedhere is similarto thatoutlinedabove for
acquisitionof resistanceto methotrexateand
N-(phosphonacetyl)-2-aspartate.In each case, the cadmium
resistantvariantcell can synthesizemore of the protein,
❑etallothionein,putativelyassociatedwith ameliorationof
cadmiumcytotoxicity(5) and can aco~mulatea minimumof 100
foldhigherconcentrationsof polyA RNA sequences(which
includethe ❑etallothionein❑RNAs)inducedby Cd++ treatment
(Fig.lB)when comparedto the sensitiveparentalCHO cell
(Fig.lC);in twc of the threeresistantvariants,the
structuralgenes encodingthe inductionspecifioRNAs have
been amplified.

However,for each of the propertiesthe cadmiumre~istant
variantssharewith methotrexateand N-(phosphonacetyl)-
2-asparatatel’esistantvarianta,thereare other important
propertiesthat are quitedlffcrent..These includethe
observationsthat: (i) each of th,~ cadmium resistant varian~s
~ynthesize approximately the snme amount of Induction specific
sequenceswhen maximallyinduced(Ftg, lB); (ii)wililethe
inducedconcentrationof thesesequencesin each of the
resistantvariantsism2000 fold higher’ than the sonstit~t.ive
lfwel, the stlvlcturalgenoy encodingthem RNA scquetlcesare
not amplifiedir.Cdr2C10(Fig.P.A);(Iii)cliffcruncesin the



extent~ot’gene amplification,10 fold and 4 fold,in Cdr20F4
and Cd 30F9 cells,respectively,are not accompani~$by
similardifferencesin the abilityto+$ynthesizeCd induced
RNA sequences or in resistance~to Cd ; (i.iii)although
sensitiveCHO and resistantCd 2C1O cellseaph have the same
numberof structuralgenes,CHO cellscan synthesizeonly a
subsetof the InductionrspecifioRNAs (Fig.lC)and then to a
level<1% of that in Cd 2C1O cells.

Since sensitive parental CHOcells can tolerate <0.2vM
Cd++ while the Independently derived Cdr30F9, Cdr20F44+and
Cdr2C10 cells are resistant to 401JM, 261AM,and 2PM Cd ,
respectively, it would appear that neither gene amplification
nor the ability to synthesize induction specific+$NAs is
directly responsible for the acquisition of a Cd resistant
phenotype. Nonetheless,this shouldnot be interpretedto
suggestthateitherof theseparametersare unimportantand
play no role in resistance. Certainlyeach of the resistant
variantsis mo,-eproficientthan CHO in the synthesisof both
❑etallothioneinand inductionspecificRNA sequencesafter
cadmiumtreatment(Fig.lB). Further,the inductionspecific
RNA sequencesare differentiallyregulatedin ‘theresistant
variantsand sensitive CHO(Fig. lC). It ❑ay be that other
factors also contribute to heavymetal detoxificationand
resistance(5, 12-13). Each of these factorsmay be necessary
but not alone sufficientfor acquisitionof resistance.
Resolutionof the role playedby each of the factorswill be
an importantstep in understandingheavymetal detoxification.
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